Objectives: Hepatocellular carcinoma (HCC) associated with major vascular invasion is an advanced stage disease with an extremely poor prognosis and low survival rate. Our study evaluated the survival benefit of radiotherapy (RT) in HCC patients with major vascular invasion through Surveillance, Epidemiology, and End Results database. Methods: We analyzed 3181 HCC patients with major vascular invasion cases diagnosed from 2004 to 2013. Patients (N = 308) who underwent RT and patients (N = 2873) who did not receive RT were compared. We successfully analyzed patients using propensity score matching (PSM). Kaplan-Meier and Cox-regression analyses were applied to assess prognosis. Results: The median survival time in radiation-treated group was longer compared to the control group (7 months vs 3 months; P < 0.001) in the overall sample and 3 months longer compared to the control group (7 months vs 4 months; P < 0.001) in a PSM cohort. Cox-regression analyses showed that radiation-treated patients in propensity-matched sample had a significantly lower risk of mortality (HR: 0.625, 95% CI: 0.522-0.749, P < 0.001) compared with untreated patients. The radiationtreated groups had better survival rate than untreated group. Subgroup analysis revealed that the survival time of patients in radiation-treated group was significantly longer than that in the untreated group (P < 0.001 and P = 0.026, respectively). The subgroup analysis also revealed that RT provides a survival benefit regardless of race, marital status, and tumor size after PSM. Conclusions: Radiotherapy provides improves survival in HCC patients with major vascular invasion, especially for tumor(s) confined to one lobe and not on surface of liver.
More pressingly, according to Barcelona Clinic for Liver Cancer (BCLC) Staging System, HCC associated with major vascular invasion is defined as an advanced stage, with an extremely poor prognosis and dismal survival rate. 8, 9 Regular surveillance can help in the early detection of the disease in patients who are at risk, but many patients are already in the intermediate or advanced stage when diagnosed. 10 Although surgical resection, transarterial chemoembolization (TACE), radiofrequency ablation and liver transplantation have significantly improved the survival rate of patients with HCC, it is prone to tumor recurrence, and the prognosis of advanced HCC still remained unsatisfactory. [11] [12] [13] Sorafenib significantly improved the median survival and the time to radiologic progression by nearly 3 months longer for patients with advanced HCC in a multicenter, phase III, placebo-controlled trial. 14 However, the application of sorafenib was limited because of grade 3/4 adverse events such as diarrhea, fatigue, and hand-foot skin reaction, and discontinuation or dose reduction of sorafenib are frequently performed. [14] [15] [16] Although recent studies suggested that surgical resection of the liver improved the survival in patients with PVTT or hepatic vein invasion (HVTT), not all patients are eligible for this surgery. 17, 18 Thus far, although more different treatment strategies have been utilized, the prognosis of patients accompanied by advanced HCC associated with major vascular invasion still remained poor. Therefore, more effective treatment to improve the prognosis of patients is urgently required. Radiotherapy (RT) is reported to improve the survival of patients with HCC, 19 but studies on HCC with major vascular invasion were rarely reported and lacked large sample data. Hence, this study aimed to evaluate the survival benefit of RT in HCC patients with major vascular invasion based on the Surveillance, Epidemiology, and End Results (SEER) database.
| MATERIALS AND METHODS

| Study population
We obtained data from the SEER database of the National Cancer Institute (NCI) and performed a retrospective cohort study with cases diagnosed from 2004 to 2013. SEER is an open-access cancer database of the United States from 18 population-based cancer registries. SEER currently collects and publishes cancer incidence and survival data covering approximately 28% of the US population and is representative of demographic data. 20 We acquired patients diagnosed with To identify control patients, we excluded patients who were unavailable for radiation, and had refused the recommended radiation, but unknown if administered. Follow-up time of the patients was from HCC diagnosis till death or end of the follow-up period.
| Propensity score matching (PSM)
The purpose of this article was to compare the benefits of RT for HCC patients with vascular invasion. This was an observational study and so the radiation assignment was not random. Some crucial covariates of the patients in the active treatment and control groups were heterogeneous and possibly affected the outcomes. Therefore, we further compared the survival rate between the radiation-treated and untreated cohorts by using the 1:1 nearest neighbor matching by univariate analysis, setting the caliper as 0.02. The PSM process has been applied to minimize selection bias and approximately balanced the baseline covariates under analytic settings between the groups. 
| Statistical analysis
The primary endpoint of this study was overall survival (OS 
| RESULTS
| Baseline Characteristics
From 2004 to 2013, 53 842 patients with newly diagnosed HCC were identified in the SEER data set. Based on the eligibility criteria (described in the study population), a total of 5166 patients diagnosed with advanced HCC associated with major vascular invasion were selected. Of these, 3181 met the inclusion criteria of the study. The radiation-treated and untreated cohorts included 308 (9.7%) and 2873 (90.3%) patients, respectively (Figure 1 ). Baseline characteristics of the patients, tumor, and treatment-related factors are summarized in Table 1 . Table 2 ). The Kaplan-Meier analyses indicated that the radiation-treated patients had a significantly better overall survival compared with control patients (P < 0.001, Figure 2A ). Median survival for patients treated with radiation from the time of HCC diagnosis was 7 (IQR = 4-15) months, while the median survival of the control groups was 3 (IQR = 2-8) months. After matching the radiation-treated to control patients with propensity scores, we balanced almost all the available covariates between the groups, while few covariates such as race, marital status, and tumor sizes showed differences. There were 308 radiation-treated patients and 308 untreated patients matching after excluding the unmatched populations ( Table 1 ). The survival time between the radiation-treated and the untreated patients also showed significant differences after PSM to balance the covariates (P < 0.001, Figure  2B ). The 3-month, 6-month, 1-year, 3-year, and 5-year actuarial survival for the radiation-treated group and untreated group after PSM were 78.1%, 55.0%, 31.3%, 12.1%, and 6.3% vs 52.5%, 31.0%, 17.0%, 4.4%, and 1.4%, respectively ( Table 2 ). Median survival of the radiation-treated patients was 7 (IQR = 4-15) months and that of the untreated patients was 4 (IQR = 2-9) months after PSM. Table 3 listed the results of univariate Kaplan-Meier analysis in the matched population and 6-month survival rate. Significant differences in the survival rate were seen in covariates with radiation (P < 0.001), tumor size (P = 0.022), lymph nodes (P < 0.001), distant metastasis (P < 0.001), AJCC Stage (6th) (P < 0.001), and AFP level (P < 0.003). The patients with distant metastasis M1 and AJCC stage (6th) IV had worst survival and 6-months survival rate was only 22.1%. Multivariate predictors of mortality in the propensitymatched samples are shown in Table 4 . Radiation-treated patients in propensity-matched sample had a significantly lower risk of mortality (HR: 0.625, 95% CI: 0.522-0.749, P < 0.001) compared with untreated patients, respectively. Distant metastasis (M1) and AJCC Stage IV were independently associated with higher mortality rate (P < 0.001 and <0.001, respectively). Patients with elevated AFP levels were associated with higher mortality rate than patients with normal limits.
| Survival before and after PSM
| Prognostic factors
| Predictors of survival among radiation-treated patients
Predictors of survival among radiation-treated patients were evaluated with multivariate analysis, and the results were shown in Table 5 . The radiation-treated single and unmarried patients demonstrated better survival than the married patients (HR = 0.538, 95%CI 0.347-0.834, P = 0.006). The radiation-treated patients of tumor size >5 cm had significantly worse mortality compared with radiation-treated patients of tumor size 1-3 cm (HR 1.836, 95% CI 1.050-3.211, P = 0.033). Overall, the survival among radiation-treated patients was significantly associated with distant metastasis and AJCC Stage (Both HR: 3.197, 95% CI: 2.287-4.469, P < 0.001). Elevated AFP levels and Fibrosis score F1 were significantly associated with increased risk of mortality (P < 0.05).
| Subgroup analysis after PSM
Subgroup analysis was performed on different types of vascular invasions, and the results showed that the survival time of patients with RT in Code 630 and Code 660 subgroup was significantly longer than that in the untreated group (P < 0.001 and P = 0.026, respectively). The survival rate of patients in the Code 635 group was not significantly affected by RT, but the median survival time was 6 months (95% CI: 4.36-7.64) in the radiation-treated group, which was longer than 4 months (95% CI: 2.5-5.5) in the untreated group (P = 0.079, Figure 3 ). After PSM, marital status, race, and tumor size still demonstrated group differences, and so further subgroup analysis was performed. Overall survival in radiation-treated patients after PSM were significantly longer than untreated patients according to subgroup analysis of race white, black, and others (P < 0.001, P = 0.002 and P = 0.008, respectively, Figure 4 ).
In the marital status subgroup, the survival rate of married patients with RT was significantly higher than that in the untreated group (P < 0.001). The survival rate of single and unmarried group patients with RT was significantly higher than that in the untreated group (P < 0.001). Although there was no significant difference in the survival rate among the widowed, divorced, and the separated group (P = 0.066), the median survival time was 7 months (95% CI: 4.267-9.733) in the RT group, which was higher than 5 months (95% CI: 2.802-7.198) in the untreated group ( Figure 5 ).
Overall survival of radiation-treated patients vs control after PSM stratification by tumor size was performed. Patients with tumor size <1 cm did not undergo RT, and so there was no participation in the stratification. According to subgroup analysis, the survival rate of patients with tumor size 1-3 cm and >5 cm was significantly higher than that of untreated patients (P = 0.003 and P < 0.001, respectively). There was no significant difference in the survival rate between 3 and 5 cm group of patients, but the median survival was 7 months (95% CI: 1.404-12.596) in the radiation-treated patients, which was longer than 5 months (95% CI: 3.233-6.767) in the untreated patients ( Figure 6 ).
| Survival benefits of different
RT modality
The modality of RT in this article included beam radiation, radioactive implants, radioisotopes, combination of beam with implants or isotopes, and other radiation methods or source not specified. Compared with untreated group, the results showed that the treated group patients with beam radiation, radioactive implants, radioisotopes or other radiation methods or sources not specified had better survival rate before and after PSM and the differences were statistically significant. The radiation combination of beam with implants or isotopes showed no statistical differences (Figure 7) . However, there were only three patients who were treated with combination of beam and implants or isotopes. Because of the small sample size, further study is required to confirm these results.
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Kaplan-Meier overall survival curves of radiation-treated patients vs control before (A) and after (B) propensity score matching
| DISCUSSION
The study showed that the prognosis of HCC patients associated with major vascular invasion was extremely dismal and the median survival time was very short, which was only 3 months in the untreated group. This result was consistent with most of the previous reports. 6, 23, 24 Because of low tolerance to whole liver irradiation and concerns about radiationinduced liver disease (RILD), 25, 26 RT had been used less.
Due to the improvement in RT technology and the application of computed tomography over the past decade, radiation can be precisely delivered, and the incidence of RILD can be significantly lowered than before, that is, within the range of acceptable adverse reactions. 27 The vascular invasion in this article included major branch(es) of portal or hepatic vein(s) and hepatic artery or vena cava. We performed subgroup stratification analysis of vascular invasion. With vascular invasion of codes 630 and 660, the survival rate of patients who underwent RT was significantly improved compared with those of untreated patients. Although there was no significant improvement in the survival of patients in code 635, the median survival time was higher than that of the untreated patients. Vascular invasion of code 635 involves multiple nodules in more than one lobe of liver 
or on surface of parenchyma. Extent of primary lesion and the location of the lesions also affected the effect of RT. 28, 29 Therefore, vascular invasion codes 630 and 635 are different in this article, because their lesions are different in scope and location, and have an effect on the assessment of RT. For code 635, systemic treatment may be more appropriate, and hence requires more researches to investigate. At present, most of the literature reports are HCC with portal vein tumor thrombus. Portal vein invasion is also the most common manifestation seen. The hepatic vein/inferior vena cava is less explored, compared with PVTT. It is reported that surgical resection of hepatic vein/inferior vena cava can improve the survival rate of patients. 5 It has been reported that TACE combined with RT can improve the survival rate of HCC patients with a tumor thrombus in the inferior vena cava and right atrium. 30 Hepatic artery tumor invasion is quite rare and the number of cases seen till date is few, and so the research reports were relatively less.
We performed subgroup stratification analysis of RT modalities. Almost all the RT modalities significantly improved the survival rate of patients, but this paper did not report adverse reactions. With advances in the imaging technology and further innovative RT technologies, such as three-dimensional conformal RT (3D-CRT), 31 stereotactic body ablative RT (SABR) 32 and particle beam therapies, it is a pleasure with more precise and less adverse reactions. RT is more widely applied in patients with HCC. In addition, internal RT is gradually taken seriously. Although there is no clear guidance on the value of RT in advanced HCC, several comparative studies have demonstrated the role of RT in the treatment of HCC patients, including the improvement of survival in HCC patients with vascular invasion. 33, 34 Nakazawa et al compared sorafenib combined with RT for patients with unresectable HCC and with PVTT, and the results showed that the RT group had significantly longer median survival time than sorafenib group (median survival, 10.9 vs 4.8 months; P = 0.025). 35 Some scholars suggested that direct RT for tumor thrombosis can improve the patient's survival rate. Choi median, 8.4 months, and survival in the tumor alone was median, 16.0 months. 36 The role of RT in the treatment of HCC should be paid more and more attention. An informal committee of the National Cancer Institute's Radiation Research Program suggested RT as a curative local therapy and should be incorporated into the BCLC staging system, and recommended RT as a palliative treatment for HCC patients with vascular invasion. The committee emphatically recommended combination of RT with regional or systemic therapy for advanced HCC. 28 Single treatment such as RT or other therapy alone is unsatisfactory for improving the survival. Hence, there is a lot of research going on to explore the common survival benefit of multiple treatments. RT was recommended in combination with regional or systemic therapy, and as a palliative measure. A systematic meta-analysis showed that the survival rate for TACE plus RT was significantly better than TACE alone, 37 A retrospective analysis was performed on HCC patients with main portal vein tumor thrombus (MPVTT) to evaluate the therapeutic effect of the percutaneous transhepatic portal vein stenting and transarterial chemoembolization (PTPVS-TACE) combined with or without 3-dimensional conformal RT (3-DCRT). The study showed that the cumulative survival rate was significantly improved in patients combined with RT. The 360-day cumulative survival rate with RT was 32.5%, and that without RT was 6.9% (P < 0.01). 38 A randomized trial of an academic tertiary care center from Asan Medical Center compared TACE plus radiotherapy with sorafenib treatment for patients with advanced hepatocellular carcinoma and macroscopic vascular invasion. The result showed that TACE plus radiotherapy was well tolerated and had a higher progressionfree survival rate and less adverse reactions than sorafenib. 39 Although this was a large sample study and the followup time was sufficiently long enough, SEER data lacked the record of HCC etiology, liver function index, and performance status. BCLC liver cancer scoring system included liver function score and performance status. This article was based on a simple classification of vascular invasion by Collaborative Stage Data Collection System Coding Instructions. However, it was still not detailed enough. For example, HCC invaded the different branches of the portal vein to form a tumor thrombus, which may have an effect on radiotherapy. We hope to refine this section in subsequent forward-looking articles. Although the database contains specific radiotherapy and surgical treatment methods, the lack of chemotherapy content has a certain impact on the evaluation of radiotherapy, which is the limitation of this manuscript. Therefore, we need more detailed data to evaluate the efficacy and adverse reactions of RT. In addition, this was a retrospective study. Although PSM was used to minimize the selection bias of the radiation-treated group, other biases that were not considered probably existed. More studies especially randomized controlled trials are required to evaluate the therapeutic effect of RT.
In conclusion, we have shown that RT provides another treatment and improves survival in HCC patients with vascular invasion, especially for tumor(s) confined to one lobe and not on the surface of the liver. RT is an effective local therapy, and combination with other regional or systemic therapies might be a more meaningful measure.
